Using helioseismic holography, we measure acoustic ( -mode) travel-time perturbations, observed within solar p active regions, as functions of frequency and phase speed. We find evidence for a frequency variation, at fixed phase speed, of the travel times that has not previously been reported. This variation is not expected from typical sound-speed models of sunspots, which result from the inversion of travel times and may indicate a significant contribution to the travel times from structures with vertical scales smaller than about 1 Mm near the solar surface.
INTRODUCTION
The discovery two decades ago that sunspots act as both absorbers (Braun et al. 1987 ) and refractors (Abdelatif et al. 1986 ) of incident solar acoustic waves ( -modes) offered the p promise of probing the subsurface structure of sunspots (Thomas et al. 1982) . Models of sunspots as perturbations in the background sound speed have subsequently been constructed using observations from a variety of local helioseismic techniques, including Hankel analysis (Fan et al. 1995) , ring diagrams (Basu et al. 2004) , and holography (Lindsey & Braun 2005b) . Travel times inferred from time-distance helioseismology have been inverted to model flows and sound-speed perturbations using Fermat's principle and the ray approximation (e.g., Kosovichev & Duvall 1997; Kosovichev et al. 2000; Zhao et al. 2001; Hughes et al. 2005) , the Fresnel-zone approximation (e.g., Jensen et al. 2001; Couvidat et al. 2004) , and the Born approximation (e.g., Couvidat et al. 2006) .
However, uncertainty exists about the degree to which surface effects may contribute to the observed helioseismic signatures (e.g., Lindsey & Braun 2005b; Zhao & Kosovichev 2006) . Published three-dimensional (3D) inversions of travel times, to date, do not include any provision for contribution from the near surface layers, which are not resolved by the -mode set used in the observations (the typical vertical resp olution near the photosphere is around 1 Mm; see Couvidat et al. 2006) . Examples of possible surface effects include strong perturbations in the sound speed within about 1 Mm of the photosphere, as suggested by Fan et al. (1995) , or contributions to phase shifts due to mode conversion in magnetic fields (e.g., Cally et al. 2003; Crouch et al. 2005) . Surface effects resulting from changes in the upper turning points of modes due to magnetic fields have also been proposed (e.g., Kosovichev & Duvall 1997; Chou et al. 2000; Barnes & Cally 2001) . Schunker et al. (2005) report that helioseismic phase shifts obtained from seismic holography in sunspot penumbrae vary with the component of the line-of-sight angle projected into the plane containing the magnetic field and the vertical direction, implying that a significant component of the penumbral phase shifts are photospheric in origin.
The observations used in 3D travel-time inversions are typically made over a single wide frequency bandpass and do not easily allow the assessment of possible frequency-dependent surface terms, analogous to those included in one-dimensional (horizontally invariant) structural inversions performed in global helioseismology (e.g., Christensen-Dalsgaard et al. 1988 ) and some ring-diagram analyses (e.g., Basu et al. 2004 ). In addition, the formalism for including possible surface effects (which are likely to be highly variable in the horizontal spatial dimensions) has not been developed for 3D inversions in local helioseismology. A strong motivation for undertaking this potentially substantial task would be observational evidence of frequency variations in observed travel times in magnetic regions that are not consistent with depth structures resolvable by current inversions. Some observations (e.g., Chou et al. 2000; Lindsey & Braun 2004 ) have suggested frequency variations, but these were not explored in the context of identifying the depth of the sources of the traveltime perturbations. In this letter we report significant frequency variations in -mode travel times in sunspots as measured from p helioseismic holography.
OBSERVATIONS AND ANALYSIS
Helioseismic holography (HH) is a method based on the phase-coherent imaging of the solar interior acoustic field by computationally extrapolating the surface acoustic field into the solar interior (Lindsey & Braun 1997 . Here HH is performed in the wavenumber-frequency (Fourier) domain (e.g., , which facilitates the selection of a set of fixed frequency bandpasses with widths of 1 mHz centered at frequencies , of 2, 3, 4, and 5 mHz. To facilitate n 0 comparisons of these observations with time-distance analyses, the analysis in this letter consists of what are termed local control correlations (Lindsey & Braun 2005a ). These are directly comparable to center-annulus time-distance correlations (e.g., Duvall et al. 1996; Braun 1997) . In the Fourier domain the HH control correlations are described by a phase perturbation , which is related to an equivalent travel-time perdf turbation by . Here we consider the mean traveldt p df/2pn 0 time perturbations (relative to nearby quiet-Sun travel times) determined from and averaged over the ingression and egression control correlations made with a full annular pupil.
A 27 hr duration of full disk Dopplergrams with a 1 minute cadence, obtained from the Michelson Doppler Imager (MDI; Scherrer et al. 1995) on board the Solar and Heliospheric Observatory (SOHO), were used in this study. The data set starts on 2002 April 1, 21:01 UT, and includes several sunspot groups (NOAA ARs 9885, 9886, 9887, and 9888) within a 60Њ by 60Њ Postel-projected area. To ensure the relevance of the results to Table 1 ). Panels e-h show the travel-time maps for filter E at 2, 3, 4, and 5 mHz, respectively. time-distance analyses and models, we employed narrow annular pupils and corresponding phase-speed filters to the data sets. The phase-speed filters, designated A-J, were of the form prescribed by Couvidat et al. (2006) with central phase speeds , widths , and pupil radii as indicated in Table 1 . Thew dw f mode was filtered out, and some filter/frequency combinations were not used due to the failure of any -mode ridge to intersect p the filtered domain. The HH analysis was performed in the eikonal approximation , and the data were corrected for small effects due to reduced oscillatory amplitudes in magnetic regions (Rajaguru et al. 2006 ) by dividing the signal in each pixel by its rms value over the frequency bandpass.
3. RESULTS
Frequency Variations at Fixed Phase Speed
Some sample maps of mean travel-time perturbations are shown in Figure 1 . In general, there are significant perturbations that appear closely related to the surface magnetic flux density (see § 3.2). Although most maps show travel-time reductions in magnetic regions, there are significant travel-time increases observed with some of the smallest annuli (and phase speeds). What is surprising is the amount of variation among maps made with the same phase speed but different frequencies. For most filters (i.e., D-J) the travel-time perturbations show a general, and substantial, increase in strength with higher frequencies (e.g., Figs. 1e-1h). For filters B and C, the travel-time perturbations actually switch sign in sunspot umbrae, from positive values (relative to quiet Sun) at lower frequencies to negative values at higher frequencies (e.g., compare Figs. 1c and 1d) . The distinction appears to be whether the filter/frequency-bandpass combination is dominated by -modes (resulting in posp 1 itive travel-time perturbation in sunspot umbrae) or modes with higher radial order (which show negative perturbations throughout active regions).
Spatial Relationships with Surface Flux Density
The travel-time perturbations are nonlinearly related to the surface flux density and in general exhibit one of three B tot types of behaviors illustrated in Figure 2 . The smallest phasespeed filter (A, which is only used at 5 mHz) is unique in that it shows a positive travel-time perturbation which increases with (Fig. 2a) . The other two -dominated filter/frequency B p tot 1 combinations (B at 4 mHz and C at 3 mHz) show a negative , which decreases with increasing , and an abrupt reversal dt B tot to positive at flux densities typical of sunspot umbrae (e.g., dt Fig. 2b ). All other combinations show a decreasing (e.g., dt Fig. 2c) . The relationship of with with all filters is dt B tot consistent with predominately near-surface perturbations but does not rule out subsurface perturbations, which may very well correlate with surface flux.
Consistency with a Deep Sound-Speed Proxy
The mean travel-time perturbations from each filter and dt frequency combination were averaged over several sunspot umbrae in the observed field. The fractional travel-time perturbations ( , where is the mean group travel-time of the dt/t t g g modes within the filter) are shown in Figure 3a as functions of the phase speed . There is a general decrease of the strength w of the umbral average of with increasing for pupils Ddt/t w g J; however, the systematic frequency variations are clearly visible over this trend. We do not attempt to directly model the travel-time observations obtained here. Instead, we compare a subset of the observations, the umbral averages, with expectations from a proxy sound-speed perturbation based on previous travel-time inversions. The solid colored lines indicate the fractional travel-time perturbations expected for rays originating in the center of a cylindrical sound-speed perturbation that is horizontally uniform out to a 15 Mm radius and that has a specified depth dependence. This dependence was selected by trial and error to provide a reasonable representation of the data at 3 mHz while preserving the general features of recent time-distance inversions (e.g., Kosovichev the difference, , between the sound speed inside the cylinder dc and a background sound speed, , from a solar model (Chrisc tensen- Dalsgaard et al. 1996) , where dc p 1.9 exp [Ϫ(z/20 , and is the depth. (Barnes & Cally 2001) . A recent comparison between rayapproximation-and Born-approximation-based inversions for sound speed (Couvidat et al. 2006) suggests that the ray approximation may be sufficient to treat sound-speed perturbations of the type considered here, although this has not been established over the entire frequency range employed in this study. It is clear that the predictions of the proxy do not match the observed travel times for frequencies other than 3 mHz. For pupils E-J, the 5 mHz data are consistently underestimated by the model by about a half, while the 2 mHz data are overestimated by about a factor of 2. It is likely that the agreement of the proxy predictions and the observations at any given frequency could be improved with a different choice of the sound-speed variation. However, no simple adjustments of the proxy at depths comparable to the lower turning points of the modes can explain the large systematic frequency variations that are observed.
DISCUSSION
The past decade has seen major advances in modeling and interpreting the travel times measured in and around sunspots. It appears, however, that the strong frequency variation of the measured travel times presented here cannot be explained using standard assumptions, i.e., standard ray-approximation-based forward modeling applied to sound-speed models that are typical of published 3D inversion results. One possible explanation for the discrepancy between the models and the data is that the models do not include surface effects. It is premature to estimate how inferences about subsurface structure will likely change when these effects are incorporated into modeling efforts, and we do not attempt such modeling here. However, a rough assessment of the importance of surface effects may be made by examining the dependence of observed travel-time perturbations with mode mass. Perturbation theory applied to global p-mode frequencies (e.g., Christensen-Dalsgaard et al. 1988; Libbrecht & Woodard 1990) predicts that the contribution to the fractional frequency perturbations due to surface effects is some function of frequency divided by the mode mass , M nl which is defined as the ratio of mode kinetic energy to the square of the velocity evaluated at a height near the photosphere. In local helioseismology we expect a similar functional form for the travel-time perturbation resulting from a phase shift in an unresolved layer near the surface. This follows from the asymptotic equivalence of a fractional frequency perturbation of a p-mode with the perturbation experi-
enced by a wave packet consisting of a range of modes about the same and . In the limit that the contributions of surface n l effects to the travel-time perturbations are substantially greater than structural contributions, we might expect the observed perturbations to exhibit frequency and mode-mass dependences consistent with this relation. Figure 3b shows for the same umbral averages shown dt/t g in Figure 3a , as a function of the inverse of the mode mass, averaged over the range of radial order and angular Similar trends to those shown in Figure 3 are also exhibited by travel-time perturbations averaged over pixels in both the penumbrae and in plages. Two of the three -dominated meap 1 surements switch sign in both penumbrae and plage (see § § 3.1 and 3.2) but continue to exhibit smaller (absolute) perturbations than compared with other measurements with either a similar or mode mass. In other words, the measurements consisw p 1 tently show anomalous (outlier) behavior in essentially all representations of the data considered. An important outstanding question is whether this anomaly reflects some particular physical property of -modes or systematic uncertainties (e.g., due to the p 1 use of very small annuli within sunspots).
An important caveat to our conclusions is that the accuracy of the ray approximation (or, for that matter, the Born approximation) has not been assessed over the frequency range employed in this study. However, what should be evident from the results shown here is the importance of successfully modeling both the phase-speed and frequency dependence of the observations (and of understanding the anomalous behavior of the -modes), in as much as is practical, in order to have p 1 confidence in the applicability of the models to the solar interior. In conclusion, these findings strongly suggest that significant improvements in the modeling of the subsurface structure of sunspots and magnetic regions in the Sun with helioseismology are likely to be made with the consideration and inclusion of surface effects due to magnetic fields.
